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The objective of this study was to improve the dissolution and bioavailability of silymarin
(SM). Solid dispersions (SDs) were prepared using solution-enhanced dispersion by su-
percritical fluids (SEDS) and evaluated in vitro and in vivo, compared with pure SM powder.
The particle sizes, stability, and contents of residual solvent of the prepared SM-SDs with
SEDS and solvent evaporation (SE) were investigated. Four polymer matrix materials were
evaluated for the preparation of SM-SD-SEDS, and the hydrophilic polymer, polyvinyl
pyrrolidone K17, was selected with a ratio of 1:5 between SM and the polymer. Physico-
chemical analyses using X-ray diffraction and differential scanning calorimetry indicated
that SM was dispersed in SD in an amorphous state. The optimized SM-SD-SEDS showed
no loss of SM after storage for 6 months and negligible residual solvent (ethanol) was
detected using gas chromatography. In vitro drug release was increased from the SM-SD-
SEDS, as compared with pure SM powder or SM-SD-SE. In vivo, the area under the rat
plasma SM concentration-time curve and the maximum plasma SM concentration were
2.4-fold and 1.9-fold higher, respectively, after oral administration of SM-SD-SEDS as
compared with an aqueous SM suspension. These results illustrated the potential of using
SEDS to prepare SM-SD, further improving the biopharmaceutical properties of this
compound.
© 2014 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).ylcellulose; PVP, polyvinyl pyrrolidone; SD, solid dispersion; SE, solution evaporation; SEDS,
al fluids; SM, silymarin.
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Silymarin (SM), an extract of Silybum marianum (L.), contains a
mixture of four flavonolignan isomers: silibinin (70e80%),
silycristin (20%), silydianin (10%), and isosilybin (0.5%) [1,2].
Silybin is therefore the major component of SM and is
responsible for its pharmacological activity. SM has tradi-
tionally been self-administered for the treatment of liver
disorders [3,4]. The effects of SM on the liver have been
attributed to its inhibition of hepatotoxin binding to receptor
sites on the hepatocyte membrane; inhibition of glutathione
oxidation, increasing its levels in the liver and intestine;
antioxidant activity; and stimulation of ribosomal RNA poly-
merase and subsequent protein synthesis, leading to
enhanced hepatocyte regeneration [5]. However, the effec-
tiveness of SM as a liver disease remedy is limited by its poor
aqueous solubility, resulting in low oral bioavailability due to
poor enteral absorption [6]. Recently, various vehicles have
been employed to improve the solubility and bioavailability of
SM, such as solid lipid nanoparticles, microemulsion systems,
liposomes, and solid dispersions (SDs) [7e10].
SDs have been used widely to enhance the dissolution rate
of drugs with low aqueous solubility. In SD systems, a drug
may exist as an amorphous form within a polymeric carrier.
This may result in an increased drug dissolution rate, as
comparedwith its crystalline form. Themechanisms involved
in this SD-mediated enhancement of drug dissolution have
been proposed by several investigators [11,12].
SDs can be prepared using a range of methods, such as
melting, solvent evaporation, solvent melting, spray-drying,
and supercritical fluid techniques. Supercritical fluid ap-
proaches have several advantages over more conventional
preparation methods, including the ability to reduce residual
organic solvent levels and to produce SDs with smaller particle
sizes and better flowability [13]. There are several variants of
supercritical fluid techniques, including rapid expansion of su-
percritical solutions, particles fromgas-saturated solutions, gas
antisolvent process, supercritical anti-solvent process, precipi-
tation fromcompressedanti-solvent, aerosol solvent extraction
system, and solution-enhanced dispersion by supercritical
fluids (SEDS). SEDSprovides themost promisingmethod for the
preparation of SD [14]. It uses semi-continuous processes to
atomize the solution into a supercritical atmosphere. Provided
that thedrug issparingly soluble in thesupercriticalfluid,which
is highly soluble in the solvent, the supercritical fluid in the
solvent droplets canproduce anantisolvent effect. This process
produces super-saturated solutions, facilitating precipitation of
the solid in the form of small particles [15].
In the current study, SEDS was used to establish an SD
delivery system for oral administration of SM, with the aim of
enhancing drug dissolution and bioavailability. The physico-
chemical properties of SD prepared using several polymer
materials were investigated, including polyvinyl pyrrolidone
(PVP) K17, PVP K30, hydroxypropyl methylcellulose (HPMC)
K4M, and HPMC K15M. In addition, analyses of stability and
residual solvent were performed to compare SM-SD prepared
by SEDS and by solvent evaporation (SE). In vitro dissolution
and in vivo pharmacokinetics were analyzed to assess the SM-
SD-SEDS.2. Materials and methods
2.1. Materials
SM (purity >80%) and PVP K17 were purchased from Dalian
Meilun Biotech Co., Ltd. (Dalian, China). PVP K30 was obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). HPMC K4M and HPMC K15M were supplied from Col-
orcon (USA). Carbon dioxide (CO2) with a purity of 99.99% was
obtained from Shanghai Jiao Tong University (Shanghai,
China). All other chemicals were reagent grade and used as
received.2.2. Animals
Animal studies of male Wistar rats weighing 250 ± 10 g were
conducted with the approval of the Animal Ethical Commit-
tee, Shanghai University of Traditional Chinese Medicine. The
animals were kept in an agreeable environment with free
access to a rodent diet and water and were acclimatized for at
least 1 week before the start of the study.2.3. Preparation of SM-SD
The supercritical pilot plant at Nantong Huaxing Petroleum
Devices Co., Ltd. (Nantong, China), shown in a schematic di-
agram in Fig. 1A, was employed in this study. Briefly, this
apparatus included three major components: a CO2 delivery
system, an organic solution delivery system, and a precipita-
tion system. The supercritical CO2 and the organic solution
were separately pumped into the high pressure vessel through
different inlets of the coaxial nozzle (the diameter of inner
tubule was 0.2 mm and diameter of outside part was 1 mm)
and continuously discharged from the bottom. The inner
structure of the nozzle is shown in Fig. 1B. For preparation of
SM-SD, CO2 from the cylinder (Fig. 1A, 1) was refrigerated (2)
and compressed to 15 MPa by the high-pressure pump (3)
before the temperature controlling system (6) was activated to
increase the temperature to 50 C. The pressure of the pre-
cipitation system was increased by injection of CO2 until the
pressure reached 15 MPa. After the pressure and temperature
of the view vessel (9) reached the required values, valve C was
adjusted tomaintain constant pressure in the vessel. Then SM
and the excipients with the weight ratio of 1:5 (based on the
results of preliminary experiment) were separately dissolved
or dispersed in ethanol and amixture of dichloromethane and
ethanol (3/2, v/v). The solution was aspirated by a high pres-
sure constant flow pump (11) (LC100, Nantong, China) at a flow
rate of 1 ml/min. Supercritical CO2 and the organic solution
mixed and diffused rapidly. Solutes originally dissolved in the
organic solvent rapidly reached super-saturation, resulting in
the precipitation of SM-SD-SEDS in the vessel. Once the so-
lution was exhausted, valve B was closed, and supercritical
CO2 was continuously pumped for about 40 min in order to
remove residual organic solvent from the SM-SD. After that,
valve Awas closedwhile valve C remained open. The pressure
of the precipitation vessel was slowly reduced and the product
in the vessel was collected for further use.
Fig. 1 e Schematic diagram of the apparatus used for solution-enhanced dispersion by supercritical fluids. (A) (1) CO2
cylinder, (2) refrigerator, (3) high-pressure pump, (4) stabilization tank, (5) pressure sensor, (6) temperature sensor, (7)
nozzle, (8) filter, (9) view vessel, (10) air bath, (11) high pressure constant flow pump, (12) graduated flask, (13) separator, (14)
wet gas meter. (B) The structure of the nozzle.
Fig. 2 e In vitro dissolution profiles. The cumulative release
of silymarin (SM) in phosphate buffer solution (pH ¼ 6.8) is
shown from SM powder and SM solid dispersions (SDs)
prepared by solution-enhanced dispersion by supercritical
fluids (SEDS) using the indicated carriers (n ¼ 3). PVP,
polyvinyl pyrrolidone; HPMC, hydroxypropyl
methylcellulose.
a s i a n j o u r n a l o f p h a rma c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 9 4e2 0 2196SM-SDs were also prepared using the SE method, whereby
the drug and matrix were both dissolved in ethanol, and the
solvent was removed under vacuum in a rotary evaporator (R-
205, Shanghai, China). The resultant SM-SD-SEwas placed in a
vacuum drying oven (DHG-9070A, Shanghai, China) to harden
prior to pulverization, sieving through a 250-mm sieve, and
storage in a desiccator.
2.4. High-performance liquid chromatography (HPLC)
analysis
The content of SMwas determined using an HPLC system (LC-
2010A HT, Shimadzu, Japan) with an Agilent Eclipse XDB-C18
column (5 mm, 4.6  250 mm) (Agilent, Shanghai, China). The
mobile phase consisted of methanol and pure water (46:54, v/
v) at a flow rate of 0.8 ml/min. The effluent was monitored at
288 nm.
2.5. In vitro dissolution
The rate of dissolution of SM from the indicated preparations
was evaluated using the small vessel method. The dissolution
medium was phosphate buffer solution (pH 6.8) containing
0.3% (w/v) sodium dodecyl sulfate and maintained at
37 ± 0.5 C stirring at 100 rpm. Samples of 2.0 ml were with-
drawn after 5, 10, 15, 20, 30, 60, 90, 120 min, and replaced by
the same volume of fresh medium at 37 ± 0.5 C. The samples
were filtered through a 0.45-mm membrane, and the SM con-
tentwas determined byHPLC, as described in Section 2.4. Each
experiment was carried out in triplicate.
2.6. Scanning electron microscopy (SEM)
The SD surface morphology was observed by SEM (NOVA
NanoSEM 250, Shanghai, China). Samples were sprayed withgold before examination. Microphotographs were obtained
using an accelerating voltage of 5 kV at 1000e25,000 
magnification.2.7. X-ray diffraction (XRD)
Samples were analyzed using an X-ray polycrystalline
diffractometer (D8 ADVANCE, Bruker, Germany). Cu Ka radi-
ation was used as the X-ray source. Samples were scanned
over the range of 50e70 2q at a scanning speed of 6/min and
a step size of 0.02. The voltage was set at 40 kV and the cur-
rent was 40 mA.
Fig. 3 e Scanning electron microscopy images. (a) Silymarin (SM) powder, (b) polyvinyl pyrrolidone (PVP) K17, (c) physical
mixture of SM and PVP K17, (d) SM solid dispersion (SD) generated using solvent evaporation, (e) SM-SD generated using
solution-enhanced dispersion by supercritical fluids.
Fig. 4 e Differential scanning calorimetry analyses. (a)
Silymarin (SM) powder, (b) polyvinyl pyrrolidone (PVP) K17,
(c) physical mixture of SM and PVP K17, (d) SM solid
dispersion (SD) generated using solution-enhanced
dispersion by supercritical fluids, (e) SM-SD generated
using solvent evaporation.
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The thermal behaviors of the SD sampleswere analyzed using
a differential scanning calorimeter (Q2000, New Castle, USA).
SD (~5e10 mg) was sealed in a specialized aluminum pan
using an aluminum lid with a pinhole. Measurements were
performed over 40e250 C under a dry nitrogen atmosphere at
a heating rate of 10 C/min.2.9. Stability studies
The SM content of the SM-SD preparations was analyzed at 0,
1, 2, 4, and 6 months to compare the degradation over time,
and XRD was used to investigate the physical stability of
SM-SD.2.10. Determination of residual solvent
The ethanol content of the SM-SD preparations was analyzed
by gas chromatography to monitor the efficiency of solvent
removal during SEDS. The samples were dissolved in acetone.
Fig. 5 e X-ray diffraction analyses. (a) silymarin (SM)
powder, (b) polyvinyl pyrrolidone (PVP) K17, (c) physical
mixture of SM and PVP K17, (d) SM solid dispersion (SD)
generated using solution-enhanced dispersion by
supercritical fluids, (e) SM-SD generated using solvent
evaporation.
Table 1 e The silymarin (SM) content of the indicated
preparations after storage at room temperature for the
indicated time periods (as a percentage of the level at
0 month).
Months SM powder (%) SM-SD-SEDS (%) SM-SD-SE (%)
1 99.92 99.13 97.79
2 99.86 98.67 95.61
4 99.64 96.41 92.34
6 99.57 95.25 90.18
Fig. 7 e The concentration of residual ethanol in solid
dispersions (SD). The levels of ethanol are shown in SDs
prepared by solution-enhanced dispersion by supercritical
fluids (SEDS) and solvent evaporation (SE).
Fig. 6 e X-ray diffraction analyses. Silymarin (SM) powder
was analyzed on day 0 (1) and after 6 months (2); SM solid
dispersion (SD) generated using solvent evaporation on
day 0 (3) and after 6 months (4); and SM-SD generated
using solution-enhanced dispersion by supercritical fluids
at day 0 (5) and after 6 months (6).
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flame ionization detector (Agilent, California, USA) and an
Agilent 19091N-113 HP-INNOWAX capillary column
(30 m  0.32 mm  0.25 mm, Agilent, California, USA) was
employed, using nitrogen as the carrier gas. The 20:1 split
mode was used, while the injection port was operated at
150 C. The initial oven temperature was held at 50 C for
10 min, and then raised to 200 C for 10 min at a heating rate
of 5 C/min. The temperature of hydrogen flame ionization
detector was set at 250 C.
2.11. In vivo pharmacokinetics
Male Wistar rats (Section 2.2) were randomly divided into two
groups (n ¼ 6/group). The animals were starved for 12 h before
the experiment but had free access to water. One group of rats
was orally administered 20 mg/kg SM, contained withinFig. 8 e In vitro release of silymarin (SM) in phosphate
buffer solution (pH ¼ 6.8). The cumulative release of SM is
shown from SM powder, a physical mixture of SM and
polyvinyl pyrrolidone (PVP) K17, SM solid dispersion
generated using solvent evaporation (SM-SD-SE), and SM
solid dispersion generated using solution-enhanced
dispersion by supercritical fluids (SM-SD-SEDS) (n ¼ 3).
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aqueous suspension of SM (prepared by simply adding SM to
purified water). About 0.3-ml blood samples were collected
from the eye socket vein and placed in heparinized tubes atFig. 9 e High-performance liquid chromatography determinatio
silybin; (B) blankWistar rat plasma; (C) Wistar rat plasma spiked
of SM solid dispersion generated using solution-enhanced dispthe indicated time points after dosing. The blood samples
were centrifuged (Eppendorf, Hamburg, Germany) at 5000 rpm
for 10 min to isolate the plasma. One milliliter of ethyl acetate
was added to the plasma and vortex-mixed (IKA, Staufen,n of silymarin (SM). Typical SM chromatograms for: (A)
with silybin; (D)Wistar rat plasma after oral administration
ersion by supercritical fluids (SM-SD-SEDS).
a s i a n j o u r n a l o f p h a rma c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 9 4e2 0 2200Germany) for 1 min, and then centrifuged at 10,000 rpm for
10 min. The supernatant layer was dried under nitrogen and
redissolved in 100 ml methanol prior to HPLC determination, as
described in Section 2.4.
2.12. Statistical analysis
All the generated data were presented as mean ± standard
deviation. The pharmacokinetic parameters were estimated
by a non-compartmental model using DAS 2.0 software. Sta-
tistical analyses were conducted by one-way analysis of
variance (ANOVA). A value of P <0.05 was considered statis-
tically significant.Fig. 10 e In vivo plasma concentration-time profiles. Levels
of silymarin (SM) following oral administration of the SM
solid dispersion generated using solution-enhanced
dispersion by supercritical fluids (SM-SD-SEDS) or aqueous
SM suspension (n ¼ 6).3. Results and discussion
3.1. In vitro SM release from SD prepared using various
polymeric matrices
In this study, SM-SDs were successfully prepared by SEDS
using each of the following excipients; PVP K17, PVP K30,
HPMC K4M, and HPMC K15M. The cumulative release of SM
from the formulated SDs (Fig. 2) was markedly improved as
compared with SM powder. There were significant differences
between the samples in terms of their in vitro SM release
(ANOVA, P <0.05). The PVP K17-based SD showed the most
effective SM release over the test period, achieving 98% cu-
mulative drug release in 15 min. These results demonstrated
that the SDs improved SM dissolution, as compared with the
raw drug powder, in the following order: SM powder < HPMC
K15M < HPMC K4M < PVP K30 < PVP K17. As previously re-
ported, PVP K17 forms reticulate structures and incorporation
of drug molecules into these results in molecular dispersion
[16], which may contribute to increased drug dissolution and
release.
3.2. SEM
Fig. 3 shows SEM images of SM powder, PVP K17, a physical
mixture of SM and PVP K17, and SM-SD generated by SE or
SEDS. The physical mixture of SM and PVP K17 had a different
morphology to that of SM-SD-SE and SM-SD-SEDS, with the
SM-SD-SEDS showing the smaller size distribution; this may
contribute to enhanced drug solubility.
3.3. DSC
Sample DSC curves are shown in Fig. 4. For SM powder, a
sharp endothermic peak was observed at 169.98 C, corre-
sponding to its melting point. The melting endotherm for PVP
K17 was observed at 204.82 C. The DSC analysis showed no
relocation of peaks in the physical mixture, where the char-
acteristic melting points of PVP K17 and SM remained
unchanged. This indicated that there were no chemical
drugepolymer interactions. However, the endothermic peak
of SM was not observed in SDs prepared by SEDS and SE, and
the endothermic peak of PVP K17 had shifted. These results
suggested that SM was present in a different state in the
SM-SD.3.4. XRD
To examine crystal morphology, XRD analyses were carried
out and the patterns generated by SM, PVP K17, the physical
mixture of PVP K17 and SM, and SM-SD prepared by SEDS and
SE were presented in Fig. 5. SM powder showed a crystalline
structure, as demonstrated by its sharp and intense diffrac-
tion peaks. These diffraction peaks were retained in the
physicalmixture, suggesting that SM remained in a crystalline
state. In contrast, these characteristic peaks were absent in
SM-SDs, indicating that SMwas in an amorphous state. These
XRD results were in agreement with the DSC results. The
amorphous state of SM within SDs may contribute to
increased drug solubility [17,18].3.5. Stability
SDs have been demonstrated to be effective formulations for
the improvement of drug solubility, but they may have a
critical drawback in terms of stability. The recrystallization of
amorphous drugs in SDmay lead to a reduced dissolution rate
and consequently a lower bioavailability [19,20]. The data
generated by SM content analysis and XRD of SM-SD were
presented in Table 1 and Fig. 6. The SM content of SM powder
and SM-SD produced by SEDS or SE was not significantly
changed following storage for six months. However, more
drug losswas observed in SM-SD-SE than in SM-SD-SEDS. This
may reflect increased molecular motion within SM-SD-SE,
recrystallization of the amorphous drug, and the associated
chemical degradation [21,22]. Furthermore, the XRD result for
SM-SD-SEDS was similar on day 0 and at 6 months (Fig. 6),
indicating that the drug remained in an amorphous state
throughout the test period. However, the profile from SM-SD-
SE showed a sharp peak at 21 2q, which could suggest a
certain degree of drug recrystallization in this formulation.
Previous reports have indicated that residual solvent in SDs
could promote nucleation for crystallization and thereby
Table 2 e The main pharmacokinetic parameters of the indicated preparations in male Wistar rats (n ¼ 6).
Formulation Tmax (h) Cmax (mg/ml) AUC0t (mg/ml$h) t1/2 (h)
SM powder 1.45 ± 0.447 0.57 ± 0.143 2.054 ± 0.074 2.938 ± 0.694
SM-SD-SEDS 0.5 ± 0.13 1.093 ± 0.249 5.017 ± 0.358 7.830 ± 3.204
a s i a n j o u rn a l o f p h a rma c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 9 4e2 0 2 201promote degradation of the active ingredients. This may
therefore have contributed to the greater drug loss and the
altered XRD of SM-SD-SE, as compared with SM-SD-SEDS.
3.6. Residual solvent
The solvent remaining in SDafter thepreparationprogress can
affect drug stability and is also potentially harmful to public
health, depending on the solvent(s) employed [23,24]. The re-
sidual ethanol was measured in the SM-SD prepared in the
present study and the results were shown in Fig. 7. The pres-
ence of a certain amount of ethanol (5000 ppm) is considered
acceptablewithout justification inpharmaceuticals. In SM-SD-
SE, residual ethanolwas reduced froma level of approximately
6000 ppm (after being dried for 20minwith rotary evaporation)
to about 300ppmafter beingdried for 140min (Fig. 7). However,
the residue ethanol level was much lower in SM-SD-SEDS, at
approximately 1000 ppmafter the initial 20-min drying period,
and almost no residual ethanol after 140 min. These results
indicated that more residual solvent was removed from SD
generated using SEDS, rather than SE.
3.7. In vitro dissolution test
The dissolution profiles shown in Fig. 8 indicated that SM-SD
exhibited faster drug release than the other preparations
tested. As previously reported, rapid hydration of hydrophilic
polymers promotes the drug wetting process in aqueous sur-
roundings and enlarges the surface area of the solidewater
interface, which may contribute to the improved SD dissolu-
tion rate [25]. However, SM-SD-SEDS showed a cumulative
release of more than 90% in the first 5 min, whereas less than
70% release was observed from SM-SD-SE at 5 min. This may
be due to the decreased particle size and reduced surface
tension of the dissolution medium [26] when using super-
critical fluid technology.
3.8. Pharmacokinetics
Plasma SM was completely separated under the analytical
conditions employed in this study. Silybin is an isomeric
compound and two peaks were detected at about 18 and
21min.The sumof theareaof the twopeakswasused for these
pharmacokinetic analyses (Fig. 9). Standard curveswere linear
(r¼ 0.9996) over the rangeof 0.08e3 mg/ml. The results obtained
using this method indicated recoveries of 96.43 ± 1.43%,
97.75 ± 1.04%, and 97.93 ± 1.46% at low, middle, and high
concentrations, respectively. Thedetection limitwas30ng/ml.
Rat plasma SM was quantified in vivo after oral adminis-
tration of an aqueous suspension of SM or SM-SD-SEDS. These
plasma profiles were compared in Fig. 10. The plasma SM
concentration following administration of SM-SD-SEDS indi-
cated more effective drug absorption, as compared with theSM aqueous suspension. All pharmacokinetic parameters
(maximum plasma concentration [Cmax], time of Cmax [Tmax],
area under the plasma concentration-time curve [AUC0et],
and plasma half-life [t1/2]) were calculated individually for
each subject in the group and the values were expressed as
mean ± standard deviation (n ¼ 6) (Table 2).
The AUC0t of SM-SD-SEDS was 2.4-fold larger than that of
SM suspension and this difference was statistically significant
(P < 0.01). Cmax was also 1.9-fold higher and Tmax occurred
earlier after oral administration of SM-SD-SEDS, as compared
with SM aqueous suspension. These findings indicated that
SM-SD prepared by SEDS could provide a promising strategy
for improving the bioavailability of SM. The enhanced
bioavailability of SM delivered by SDs could be attributed to
their improved rate of dissolution, whichwould facilitate drug
absorption [27].4. Conclusions
In summary, SM-SDs were successfully prepared using SEDS.
The resultant SM-SD-SEDS considerably improved the drug
dissolution profile and increased its oral absorption, as
compared with SM powder. This study was innovative in its
application of a new, high-efficiency, and environmentally-
friendly method to produce SDs and improve the dissolution
and bioavailability for drugs with low aqueous solubility.
Although future studies will be required to increase the oral
bioavailability of SM further, the present study proved that
supercritical fluid technology provided a viable alternative
means to prepare drug-loaded SDs.
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